Even though ion substituted hydroxyapatite nanoparticles are associated with promising features for biomedical applications, green synthesis with precise control of size and shape to produce uniform nanoparticles remains elusive. To overcome this, we herein propose a room temperature, biomimetic approach to synthesize iron substituted nano-hydroxyapatite (m-HA) along with thorough physicochemical and biological evaluation. The study revealed that 10% iron could be isomorphously doped into hydroxyapatite crystal structure. Stress, strain, energy density and atomic occupancy, as a result of substitution, have been ascertained by Williamson-Hall and Rietveld analysis using X-ray diffraction data. X-Ray photoelectron spectroscopy has been employed to confirm the elemental composition, chemical state and environment of m-HA. In addition, vibrating sample magnetometer of m-HA shows a trend towards superparamagnetic behaviour. Further, fluorescence assisted cell sorting and scanning electron microscope studies confirmed increase in the cell density with increasing iron concentration. Excellent antibacterial property, enhanced biocompatibility and bioactivity have also been interestingly observed. More controlled and sustained drug release has been observed with the inclusion of iron. A mathematical model developed to elucidate drug diffusion coefficient reveals Fickian mechanism to govern the release profile up to 8 hours followed by a non-Fickian transport. With these distinct features, this versatile material holds immense potential as bone repair material for osteoporosis where targeted delivery of calcium is required, as a heating mediator in cancer treatment and as a vehicle for site specific delivery of drug.
Introduction
Hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 , HA], a cutting edge material in various orthopedic and orthodontic industries, is endowed with excellent properties like bioactivity, biocompatibility, ability to promote cellular functions, and osteoconductivity. [1] [2] [3] [4] Due to the chemical and structural similarity with the mineral phase of bone and teeth, this inorganic phosphate has attracted signicant attention for medical applications in the form of powders, composites and coatings. [5] [6] [7] [8] [9] In spite of the afore mentioned properties, synthetic HA nds limited application as a bone gra material owing to several challenges such as optimum level of crystallinity, phase purity, high in vitro solubility and low mechanical properties. [10] [11] [12] [13] Intensive research is under way to synthesize HAmetal composite or ion substituted-HA by different methodologies to overcome the above challenges.
14-18 Among these methods, ionic substitutions emerged as a powerful tool for improving the performance of HA, either through modications of the chemical, structural, and morphological characteristics or through utilizing the therapeutic properties of the substituting ions. [19] [20] [21] [22] The unit cell of stoichiometric crystalline hydroxyapatite hosts 10 cations arranged in two non-equivalent positions: four at the M(1) site aligned in the column, each surrounded by nine oxygen atoms, and six at the M(2) site arranged at the apexes of "staggered" equilateral triangles, each surrounded by seven oxygen atoms, which is depicted in Fig. 1(a) and (b). 1, 2, 8, [23] [24] [25] This is what makes the apatite structure relatively exible and stable, helping it to lend itself for a range of cationic and anionic substitution like ( 26, 27 Among the various cations that can replace calcium in HA, iron provokes an increasing interest as it is a biologically essential component for majority of cellular and enzymatic functions. And most importantly, the substitution of iron in HA is of great value as these substitutions not only enhances the functional properties but also introduces the magnetic property in HA that gives an additional edge to its applications as a heating mediator in hyperthermia therapy for cancer treatment 29 and site specic drug delivery that can be manipulated with the help of external magnetic eld.
Though some groups have tried substitution of Ca 2+ ions in HA with Fe 2+ /Fe 3+ ion using different techniques [30] [31] [32] like wet chemical, sol-gel, hydrothermal, microwave etc., these methods suffer from the involvement of multi-step, energy intensive route, constrained environment, risk of using reactive H 2 gas, decreased crystallinity as a function of iron content and precipitation of secondary phases (like hematite or magnetite). The solution to the abovementioned challenges was achieved by an interesting approach termed "biomimetic" that underpins the present study. This is a one pot, green, scalable, and cost effective process to synthesize phase pure iron doped HA. This involves organic matrices which could either be of natural or synthetic origin which help to offset the thermodynamic limitations by establishing kinetic control on nucleation and growth of the crystals, leading to the generation of materials with optimum crystallinity and stringent control over its size. In spite of some reports on ways to synthesize iron substituted HA, only few reports pertaining to the site occupancy of the substituent in HA crystal and the effect of dopant/substituent concentration on the functional properties of HA is available. In order to have a deeper knowledge of the same, a detailed study with different iron concentration was carried out.
In the present study, iron substituted hydroxyapatite nanoparticles were synthesized through biomimetic route via wetchemical precipitation method. The effect of iron incorporation on the structural (phase, crystallinity, crystal size, crystal lattice, stress and strain), functional, and biological properties of the resulting iron doped hydroxyapatite (m-HA) were evaluated by various analytical techniques like X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FT-IR), Thermal Gravimetric Analysis (TGA), Vibrating Sample Magnetometer (VSM), and Transmission Electron Microscopy (TEM). m-HA samples were also checked for their biocompatibility, antibacterial property, drug releasing capability, cell morphology in due time, cell adhesion and division on human osteosarcoma cells (MG-63). In order to complement the drug release prole, a mathematical expression was derived to calculate the diffusion coefficient using Fick's law. This model helped to elucidate the mechanistic information of drug release. The overall results indicate the exemplary behaviour of biomimetically nanoengineered m-HA having controlled and sustained drug release capability along with excellent antibacterial properties, improved bioactivity and non-toxicity. Thus, this study also offers a promising route for the synthesis of iron-substituted HA with excellent functional properties which further extends the space of its applications.
Materials and method
HA and m-HA powders were biomimetically synthesized at ambient reaction conditions. HA powder was prepared by adding an alkaline solution of calcium nitrate (pH-9.5) to the organic matrix which was 0.5 wt% of PVA. These solutions were equilibrated for a day followed by addition of di-ammonium hydrogen phosphate and ammonia solution. The obtained precipitation was HA, which is described by the following reaction: 2 ), (0.2 # x # 1.0) was prepared, assuming that iron ions would substitute for calcium in the HA lattice in order to obtain a nominal composition in term of (Ca + Fe)/P ratio of 1.67. m-HA powders were synthesized exactly the way HA was synthesized, described above other than addition of iron(III) nitrate (Fe(NO 3 ) 3 $9H 2 O) to calcium nitrate solution in different concentrations. The precipitation of m-HA occurred in the following manner: All the above precipitates were aged for 7 days, washed thoroughly to bring down the pH to neutral, ltered and nally dried in oven at 60 C aer which it was crushed and used for further characterizations.
3. Drug release study 0.5 g of the different HA powders were mixed evenly with 0.5 mg methotrexate drug and were then pressed into pellets and the average weight for each sample was recorded by using a tabulating machine since all the experiments were done in triplicate. Different HA scaffolds (square shaped with 1 cm (l) Â 1 cm (b) xÂ 0.2 cm (w) dimensions) loaded with 0.5 mg of drug were transferred into 100 ml dissolution medium consisting of a freshly prepared phosphate buffer saline, and the solution was stirred at a speed of 100 rpm at 37 C. Three milliliter aliquots were withdrawn at predetermined time intervals for all the batches and absorbance (305 nm) was noted. For each sample withdrawn, an equivalent volume of phosphate buffer was added to the dissolution medium to ensure perfect sink conditions maintained throughout. The release proles of all the batches were examined for 7 days (144 h) at 1 day interval and difference in the absorbance was recorded by a spectrophotometer. The amount of the drug released was obtained from the calibration curve and was tted in a mathematical model, derived for our system to determine the diffusion coefficient of different samples. The mathematical derivation of the equation describing the calculation of diffusion coefficient is given in Section 1 of ESI. † The equation thereof is given as: 
Sample characterization
Phase identication of powder sample was ascertained by room temperature XRD in D8 DISCOVER BRUKER Diffractometer, with Cu-Ka (l ¼ 1.5418Å) source, radiation generated at 40 kV and 40 mA within scanning range of 20-60 (2q) at step size of 0.02 per step, scanning rate of 5 s per step. Further, the Rietveld renement of the control and 2% m-HA have been carried out using Maud soware to verify the site occupancy of iron. The initial renement was performed using the reported CIF le, 33 followed by the renements of the lattice parameters, crystallite size and atomic positions till the renement is converged. XPS was carried out in ESCA system M/s SPECS with Mg twin (1253.6 eV) source. The vacuum of the chamber was better than 10 À9 torr while recording the spectra. The spectrum was deconvoluted by using CASA XPS soware to identify the chemical state and chemical composition. Prior to curve tting, the background was subtracted from each spectrum by the Shirley method. The binding energy scale was calibrated for electrostatic charging w.r.t. the standard C1s peak at 284.6 eV. The functional groups of the synthesized samples were identied by FTIR (Bruker Alpha P) using ATR method from 400-4000 cm À1 . Thermal gravimetric analysis was performed using the (Linseis STA PT1600, USA), in 25-1000 C temperature range, in air environment, with Al 2 O 3 as reference. Structural investigation was carried out in analytical TEM, JEOL JEM 2010 using 200 kV electron source. The samples for TEM study was prepared by dispersing different HA powders in ethanol by ultra-sonication in a low power ultrasonic cleaning bath (150 Watts, 40 kHz) for 30 min. A single drop of the dispersion was dried on carbon coated copper grids ($300 mesh) and then viewed under the electron microscope. Surface morphology was studied by FESEM, FEI Nova Nano SEM 430 operated at 15 kV.
Results and discussion
5.1 Characterization of HA and m-HA 5.1.1 X-ray diffraction (XRD). XRD was employed to verify the formation of HA phase and changes in its crystal structure with the incorporation of iron by the adapted methodology. Fig. 2(a) is the XRD pattern of the synthesized HA and m-HA. The XRD pattern conrms the signature peaks of the HA phase. It has been concluded that a maximum of 10% of iron could be doped in HA crystal, by the adapted protocol because the phases pertaining to iron oxide peak starts appearing aer 10% (see Fig. S3 of ESI †). A careful observation of the XRD pattern reveals a shi in the peak position of m-HAs towards higher two theta value accompanied by an increase in the peak broadening as a function of iron concentration ( Fig. 2(a) ). To verify this, the graph ( Fig. 2(b) ) was plotted between (211) plane's peak position with respect to dopant concentration in m-HA samples. The gure clearly enunciates that there is a shi in the peak position towards higher two theta value with an increase in doping concentration. The peak shi is attributed to shrinkage in the lattice parameter due to decrease in size of the nanoparticles by substitution of iron. This is because of the fact that size of Fe 2+ /Fe 3+ (0.66Å) is smaller than Ca 2+ (0.99Å).
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Hence, the slight peak shi to higher two theta is an indirect evidence of iron substitution in HA crystals. 35, 36 In such cases the lattice parameters and the crystallite size of the doped HA gets reduced as compared to the control, leading to the generation of strain in the doped crystal.
Indeed, Williamson Hall (W. H) equation of Uniform Deformation Model (UDM) is used, by and large, to calculate the average crystallite size, strain and strain energy density.
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The equation is given by
where b is the peak width at half maximum intensity, q is the peak position, k is a constant equal to 0.94, l is the wavelength of the radiation, h is the strain and D is the crystallite size in nm.
The value of b is calculated using Fullprof 8.0. Further, uniform stress deformation model (USDM) and uniform deformation energy density model (UDEDM) were considered to account related stress and strain energy. The equation of the model is given by:
where s is the stress of the crystal, m is the energy density and Y hkl is the modulus of the elasticity or Young's modulus. Eqn (3) and (4) are an approximation of Hooke's law, which is signi-cantly valid for small strain. Here, the assumption of small strain has been considered to calculate the stress and energy density. Since, HA comes under hexagonal crystal system, the Young's modulus is given by the following relation:
where, hkl are the indices, S 11 , S 13 , S 33 and S 14 are the elastic compliances of HA. Aer verifying the doping of iron in HA, we were further interested to know the atomic sites occupancy of iron and the change in the lattice parameter upon substitution. In view, the Rietveld renement analysis of the control HA and 2% m-HA have been carried out using Maud soware. And it was concluded that either iron is substituted in the 'Ca' sites (at Ca 1 and Ca 2 ) or at the tunnels (by replacing OH À ions). It is reported earlier that the substitutions in the tunnels lead to expansion in the unit cell volume while substitution in the Ca sites by a smaller cation results in the reduction of unit cell volume. In our case, a regular decrease in the unit cell volume accompanied by the peak shi to the higher two theta value has been observed with increase in the iron doping concentration. Such type of behaviour is a signature of substitution in Ca sites.
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This is in well agreement with our results (Fig. 2(c) and (d) ). The detailed information drawn from the above analysis is summarized in Table 2 . Overall the XRD results suggested that up to 10% iron can be doped in the HA structure without any sort of secondary phase formation, indicating the adapted protocol to be suitable for the synthesis of phase pure HA and m-HA.
X-ray photoelectron spectroscopy (XPS)
. XPS is a powerful surface technique that gives information about the chemical composition, atomic ratio (Ca/P ratio), chemical linkage and chemical state of the elements present in the sample under investigation. Fig. 3 is the survey XPS spectrum of HA and m-HA samples. In the survey spectrum of HA the composition is Ca, P and O, while in case of m-HA samples, the
peaks corresponding to iron is also present. An immediate observation is that the intensity of Fe2p peak increases with increase in the dopant concentration indicating more iron incorporation in HA. Ca/P ratio was 1.67, 1.642, 1.638, 1.606, 1.592, and 1.571 from 0 to 10% respectively and in substituted m-HA the Ca + Fe/P ratio was 1.67 further suggesting the maintenance of stoichiometry. In order to verify the chemical state and chemical linkage of the individual elements the high resolution XPS data are presented. The Ca2p peak appeared as a typical doublet peak due to spin-orbit coupling in all the cases. Fig. S7 † depicts the deconvoluted Ca2p peak of the HA and m-HA samples where it ts only one peak each corresponding to Ca2p 3/2 and Ca2p 1/2 indicating the presence of only one type of calcium species. Further, the peak position and peak energy separation values indicated that 'Ca' is in +2 oxidation state which was in well agreement with the chemical state of 'Ca' in HA. A slight peak shi of the Ca2p peak towards higher binding energy with increasing doping concentration is attributed to the increased concentration of iron in 'Ca' sites showing substitution effect. Fig. S8 † is the deconvoluted P2p peak, which ts one peak, indicating the chemical environment around P is identical while the peak position corresponds to the phosphate group, as reported in our previous manuscript.
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In order to nd out the chemical state of iron in doped HA, we present the Fe2p data of m-HA samples. Fig. 4(a) -(e) is the Fe2p spectrum of 2%, 4%, 6%, 8% and 10% m-HA samples. The peak position and peak energy separation are the two most important parameters to identify the chemical state of an element in the sample. The peak energy separation i.e. the energy difference between Fe2p 1/2 and Fe2p 3/2 is 13.5 eV in all cases indicating iron to be in +3 oxidation state. Further, the appearance of Fe2p 3/2 peak appeared at 710.5 eV further conrms the chemical state of iron ions is +3 in doped samples.
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Hence, the XPS study reveals that pure m-HA sample can be synthesized unlike others where the m-HA contains other chemical species like carbonates indicating the uniqueness of our protocol. belong to the triple degenerate n 3 asymmetric P-O stretching mode while peaks at 960 cm À1 and 470 cm À1 corresponds to n 1 mode of non-degenerate P-O symmetric stretching and doubly degenerate of n 2 bending of O-P-O mode respectively. The peak at 570 and 606 cm À1 are assigned to the triply degenerate n 4 bending of O-P-O mode. Altogether, almost all the bands associated with HA appeared in all the samples. Signicant changes in the wave number and transmittance of PO 4 3À and OH À were observed, indicating the 'substitution effect'. The decrease in transmittance of O-P-O stretching mode, at respective positions, suggests decrease in its dipole moment, which would be the consequence of electrostatic interaction of P-O with substituted iron. The probable reason could be the presence of iron at Ca 1 and Ca 2 sites, decreases the polarity of P-O bond via columbic interaction with the electron density on oxygen atom. Furthermore, peak broadening has also been observed, which is ascribed to localized interaction with iron, which therefore resulted in different frequencies and wave numbers. However, no separate peaks were observed pertaining to iron related compounds, which succinctly tells the incorporation of iron in the matrix without secondary phase (i.e. iron oxide) formation. 5.1.4 Thermal behaviour of pure and m-HA. Fig. 6 illustrates the effect of iron on the thermal stability of the synthesized powders. There is a gradual decrease in weight loss up to 17% because of the absorbed water and the organic content used for synthesizing these nanoparticles. The initial mass loss is mainly caused by the water extrusion in lattice. This conclusion can be corroborated by the FTIR spectra where the pronounce appearance of the lattice OH peak was apparent. Though the total weight loss increased with increase in the iron content, the trend was similar to HA, indirectly illustrating the iron doping in HA. The destabilizing effect of iron is imputable Fig. 4 (a), (b) , (c), (d) and (e) are the Fe2p spectra of 2%, 4%, 6%, 8% and 10% m-HA respectively. to the smaller ionic radius of Fe 3+ (0.66Å) with respect to Ca 2+ (0.99Å). Other than this the thermal stability of m-HA showed a distinct weight loss compared to HA. The total weight loss was 17.5% for HA and 19%, 19.78%, 25%, 29% and 34.5% for 2%, 4%, 6%, 8%, and 10% m-HA respectively as shown in Fig. 6(b) . This is probably because of the incorporation of iron ions which led to the transformation of HA into whitlockite in between temperature 300 to 1000 C, depending on the iron content as observed by Filho et al. 40, 41 5.1.5 Transmission electron microscope (TEM). Fig. 7 depicts the microstructure of different samples. It is apparent from the images that as the concentration of iron increases there is a decreasing trend in the length of HA particles and acicular particles tends to transfer to spherical particles. Since HA crystal belong to the hexagonal system, the crystal grows along the c crystal axis and causes acicular particles as seen in 0%, Fig. 7(a) . However, with increasing iron concentration, the grain sizes of HA particles in the direction of c-axis decreases. The monotonic decrease in the aspect ratio from 6.33 in 0% to 5.82 in 2%, 5.09 in 4%, 4.14 in 6%, 3.40 in 8% and 3.02 in 10% was observed. The reason is that the ions replacement mainly occurs in a plane, which causes the crystals growth along the aaxis. 42 The results are in well agreement with the 002 peak intensity of XRD. Existence of independent iron oxide particles were not observed, suggesting no free iron in the system. The selective area diffraction pattern shows a polycrystalline ring pattern (inset) depicting the nanosized particles. The aggregates in the image may be attributed to the presence of iron which is probably introducing a directionality and alignment in the HA growth, which is clearly visible from 2-10% m-HA. In addition, there is a tendency for these HA nanoparticles to self-assemble into little stable assemblies, which further form islands of different irregular shapes. 43 Therefore, in order to check whether the doping of iron in HA by the adapted protocol has induced magnetism in HA or not, the magnetic property of the m-HA samples was evaluated at room temperature. Fig. 8(a), (b) , (c), (d) and (e) shows the M vs.
Fourier transmission-infra red spectroscopy (FT-IR).
H plot of 2%, 4%, 6%, 8% and 10% m-HA sample respectively, while (f) is the plot showing the variation of coercivity (H c ) and magnetization (M s ) value of m-HA sample as a function of increasing doping concentration. The coercivity and magnetization values of m-HA sample are reected in Table 3 . In all cases a weak hysteresis loop is observed indicating super paramagnetic behavior of the m-HA samples.
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With increase in the iron concentration from 2% to 10%, the following magnetic features are observed. First, the saturation magnetization increases and second, the coercivity decreases. The origin of magnetism in HA by doping of iron is neither well understood nor well reported. In fact, attempts have been made to understand the mechanism of such behavior by referring to the literature of magnetic HA and other known magnetic and non-magnetic materials.
It is well-known that the magnetism of any nanomaterial largely depends on the particle size, shape and composition. 44 Since the shape of all m-HAs are almost similar, therefore the shape effect is ruled out; the particle size and composition are the other two important governing factors in the observed phenomenon of increased magnetization and decreased coercivity with the increase in the dopant concentration. One of the plausible reasons for increased magnetization with decrease in the particle size could be that as the surface area to volume ratio increases, the total magnetic moment of the particle, arising from the contribution of surface spin. Thus results in the local disturbance of the spin orbit coupling and decreased magnetic anisotropy energy. These intrinsic effects reect in a change of the coercivity. 5.2.2 Bactericidal activity of m-HA. Aer detailed physiochemical characterization of these magnetic nanoparticles we went ahead to check its biological performance. As iron is known for its antibacterial role so it was just curiosity that prompted us to check the antibacterial activity of m-HA's. And if these m-HAs show such type of property it will be a feather in cap because the need of novel antibiotics is of extreme importance, due to relatively higher incidence of bacterial infection and the growing resistance of bacteria to conventional antibiotics. Antibacterial efficacy of mHAs against both Gram-positive and Gram-negative bacterial strains viz. Escherichia coli and Staphylococcus aureus are shown in Fig. 9 . The zone of inhibition produced by these nanoparticles against these bacteria were further compared with the standard gentamycin sulphate (1 Â 10 À3 mg ml
À1
) disc that was used as a positive control.
Antibacterial activity results revealed that m-HA nanoparticles exhibited excellent antibacterial property against both Gram-positive and Gram-negative bacteria. The zone of inhibition was more intense in case of Gram positive. The compared to Gram negative and it increased with increase in the dopant concentration. This observation could also be indicative of higher Gram-negative strain resistance/tolerance against such nanomaterials over Gram-positive bacterial strains due to the presence of outer membrane. Increasing trend of antibacterial efficacy with increasing iron concentration shows that smaller the particle size, greater is the efficacy in inhibiting the growth of bacteria, involving both the production of reactive oxygen species and the accumulation of nanoparticles. 45 The main mechanism by which the antibacterial drugs or antibiotics work is via oxidative stress generated by Reactive Oxygen Species (ROS) which can cause damage to proteins and DNA in bacteria. One of the reasons for this bactericidal activity may be due to the presence of Fe 3+ ions, which must have reacted with oxygen to form hydrogen peroxide which consequently reacted with ferric ions via the Fenton reaction and produced hydroxyl radicals which is known to damage biological macromolecules. 46, 47 In addition, synergism to above reason could also be due to the penetration capability of smaller size of nanoparticles, which is more and that may eventually lead to more efficient disruption of the cell membrane. Hence, the antibacterial assay showed efficacy against the common pathogens E. coli and S. aureus implicated for the long-term treatment in osteomyelitis and osteoporosis.
Effect of m-HAs on human cells
Toxicity issues are a major concern and are important factors in the context of materials used as regenerative medicine and tissue engineering; and interestingly, when some material which are known to be inert, in large quantities are in fact toxic at nanoscale. Employing such type of nanoparticles, which are toxic in nature over a longer period of time, could signicantly diminish the therapeutic efficiency of the cell-based therapy. The dominating factors leading to the toxicity of nanoparticles on biological entities is highly dependent on a range and combination of factors related to the structural properties, dosage, and chemical composition of the particles. Toxic cellular effects are translated into impaired mitochondrial activity, membrane leakage, and morphological changes which can have adverse effects on cell viability, metabolic activity and can debilitate the therapeutic efficiency. Therefore, the application of such materials demands the preservation of physiological cellular properties without any impaired activity. This formulates the following question in our mind that whether these synthesized nanoparticles could be useful for in vitro and in vivo application? And in order to conrm so biocompatibility, cell adhesion/division and long term effect of these nanoparticles on cells were studied.
5.3.1 Biocompatibility test. Initially dose dependent MTT assay was done on MG-63 cell lines and it was seen that almost all the concentrations showed better performance than that of the control as shown in Fig. 10(a) . The time dependent assay was conducted with 100 mg ml À1 of nanoparticle concentration and an overall increase in cell number was observed with increase in the iron concentration. The in vitro investigations indicated the enhanced biocompatibility, ability to support cell adhesion and division of these nanoparticles. The concentration of iron had a great inuence on the cell behaviour and positively inuenced cell adhesion and division in vitro compared to the non-magnetic control. Since MTT assays rely on a mitochondrial reductase to convert the tetrazole to formazan. The assumption is that the conversion is dependent on the number of viable cells but there is always the possibility that treatment of cells may result with increased enzymatic activity without actually having an effect on cell number or cell viability. That is why MTT experiment was complemented with simple cell counts (trypan blue exclusion assay) and we observed almost 2.5 times the cell viability aer treatment with 10% m-HA ( Fig. 10(b) ).
Cell morphology.
In order to check the long term effect of nanoparticles on the morphology of MG-63 cells in due time, the cells were seeded and was allowed to grow for 21 days. Fig. 11 show osteoblasts aer 21 days of culture in presence of different samples. Though there was no notable difference number in the morphology of the cells but an increase in the number of cells was evident with increase in the iron concentration.
Further, the SEM micrographs (Fig. 12 ) of the analysed cells show that they adhered well to the surfaces. Well-attached cells were progressively grown on the surface of the nanoparticles. Cells were more densely packed and showed higher spindle like structure, having good attachments to the surfaces of nano materials with increase in the iron concentration indicating the role of doped iron in the cell division. The importance of lo-podia extension in presence of nanometer scale topography is clearly seen. Overall, the results suggest that it is not only the size of nanoparticles that decide the fate of these osteoblast, but also the concentration of iron plays an important role in the overall osteoblast functions like adhesion, division. biomedical and clinical areas. This actually detect the scattered and emitted light as particles in a suspension ow in a uid stream pass a laser beam. The light scattering properties of FCM are used to assess differences in cell morphology, because at small angles (forward scattered, FSC) this is considered proportional to cell size and at orthogonal angles (side scatter, SSC) it is proportional to the granularity of the cell. Though this technique have little application in the eld of biomaterials, however, we have used this technique to rst examine the effect of these doped materials on osteoblast-like cell MG-63 compared to control sample.
Second, and most importantly, we utilized FCM to determine whether these materials have affected the size and granularity of the cells and the expression of connective tissue components that may at least partially indicate the potential effectiveness of the materials in vivo.
To measure the FSC and SSC light scattering properties of the cells, aer 7 days of incubation, the disks and plastic surface were washed twice with PBS and the cells detached using trypsin-EDTA for 10 min at 37 C followed by suspension in PBS. The FSC and SSC of 10 000 individual cells were measured using a FAC Scan ow cytometer (BD LSR Fortessa) on a linear scale of 1024 channels. FCM analysis of the size and granularity of the cells were carried out to determine whether the materials had any effect on the physical characteristics of the cells. Fig. 13 shows representative FSC and SSC dot plots of the MG-63 cells cultured with doped and control samples. Neither signicant difference in the average size was apparent nor there much alteration in the cell morphology and granularity compared to the control suggesting no ill effect of these materials on cells.
Drug study.
The drug release prole was tested for one of the most effective and widely used drug methotrexate for treating varied cancers and rheumatoid arthritis. Initial burst release was observed in control HA, which eventually showed sustained and controlled release with increase in the iron content as shown in Fig. 14 . In order to understand the nature of the release prole the diffusion coefficients of each samples were calculated as described in Section 3. Fig. 15 is the linear tting of the initial 8 h release prole data with square root of time from where the slope values were obtained followed by calculation of the diffusion coefficients. The values of the diffusion coefficients were tabulated in Table 4 . It can be seen that the value of diffusion coefficients decreases signicantly as function of doping. This further accentuates the change of burst release prole into controlled release upon doping. Further, in order to draw more insight about the mechanism governing the release prole we have tted the release data with the equation derived from the mathematical model (details in ESI †). However, the experimental data tted well using the derived equation up to initial 8 h and deviates aer that. Therefore, a second term is introduced in the equation as below:
where,
While the value of K 2 and n are calculated from tting results that tells about the mechanism of release at higher time. It is to be noted from the Fig. 14 that the initial burst release decreases signicantly upon doping with iron. A careful observation of the tting results predicts that the complete release is governed by the combination of two type of mechanism. Initially the release is governed by the Fickian release mechanism (following Fick's law) while for longer time it is the anomalous transport that takes over up to 6% m-HA while beyond 6% super case-II transport dominates over. 48, 49 In case of the control HA the contribution of Fickian mechanism is signicant and hence burst release is observed. However, with increase in doping concentration the Fickian contribution decreases and, hence burst releases are turned in to much control and sustain one. Signicant decrease in the drug release with increase in the iron concentration may be attributed to the strong binding between them.
It might be that Fe 3+ ions are in a covalent interaction with the drug moiety and thereby delaying the release of the latter by hindering the movement of drug molecules. And, with increase in Fe 3+ concentration the drug might have more accessibility bond to Fe 3+ rather than HA further delaying the release through increased resistance. Hence, it is proved that bonding of both HA and iron with the drug could be important to ensure delayed release. Thus, these substituted nanoparticles could serve as a sustained release depot (an injection that releases its active compound in a consistent way over a long period of time) for methotrexate. This type of sustained drug release for cancer chemotherapy could probably circumvent drug resistance, an important impediment in cancer therapy. Further, the total amount of drug administered can be reduced, thus maximizing availability with minimum dose, minimizing or eliminating local and systemic side effects, minimizing drug accumulation with chronic dosing, safety margins of high potency drugs can be increased and the incidence of both local and systemic adverse side effects can be reduced in sensitive patients. And, since there is improvement in efficiency in the treatment, it leads to cure or control condition more promptly. The concentration of iron is not the only factor that contributes to the increased release but the size also play the role here as we see that as the concentration of dopant increases, the size decreases and the drug releasing capability increases.
Conclusion
The ease of atomic doping and the possibility of high ionic promiscuity in hydroxyapatite and on top of this it's one pot green synthesis make it amenable to a variety of application. This proposition exemplies through room temperature biomimetically nano-engineered m-HA, wherein physiochemical and biological property evaluation has been meticulously carried out. XRD results substantiate the empirical evidence of iron doping in terms of decrease in crystallite size, and increase in compressive strain and energy density, with increasing dopant concentration. And, this concurs with the results of Rietveld renement and TEM, thus conrming that 10% iron could be isomorphously doped into hydroxyapatite crystal structure. Beside this, more sustained and controlled drug release with increased iron concentration has also been observed. Fickian and anomalous transport found to be pronounced mechanism for drug release, which was elucidated using a mathematical model developed for calculating drug diffusivity. Furthermore, these nanoengineered particles possess excellent anti-bacterial property, enhanced bio-activity (more than 2-fold increase in cell viability) and non-toxicity which holistically complement its signicance in various biomedical applications. Thus, the avenues where these nanoparticles hold an immense potential are bioactive coatings, bone repairing and cancer treatment, site specic drug delivery and bone tissue engineering.
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